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Advanced systems of pavement design and management require methods of 
predicting pavement performance. In particular, long-range highway costs 
and user benefits can be established only if the future serviceability of 
pavements is known. Such cost-benefit calculations are important to high­
way management for programming construction and resurfacing priorities, 
for finding optimal solutions in design, and for setting administrative 
policies. Thus, mathematical models are needed by which pavement per­
formance can be predicted as a function of age. This paper suggests that 
pavement performance models can be developed for any geographic and 
environmental conditions. The approach has been formulated so that local 
experience gained from successful highway pavements can be used. In 
principle, pavement performance is affected by two major distress mech­
anisms: traffic loads and environmental conditions. Pavement distress 
due to traffic was modeled by using AASHO Road Test performance data; 
successful thiclmess designs in Ontario were analyzed by using elastic 
layer theory. This analysis and AASHO Road Test data led to the develop­
ment of a model primarily reflecting traffic deterioration. Distress due 
to environment was modeled by using Brampton Test Road data. The re­
sulting submodels for the two distress types were combined to give a final 
model that fairly accurately predicted the performance of Brampton Test 
Road sections. 

•A PRIMARY objective of pavement management is to provide pavement surfaces with 
acceptable riding quality at the lowest possible cost. It is widely accepted that, under 
the same traffic loading, a weak pavement structure will deteriorate faster and become 
rough more quickly than a strong pavement structure. The strong structure will re­
quire thicker construction with higher quality materials and initially will be more 
costly than the weak structure. Thus, the benefits of the longer life attained by stronger 
pavement must be weighed against the higher construction costs incurred. The stronger 
pavement will provide a smoother ride for a longer time than the weaker pavement and 
thus will favorably affect user vehicle operation and time costs. Thus when consider­
ing alternative pavement designs, management must be able to predict the probable rid­
ing quality of a pavement structure as a function of its age. 

The ability to predict riding quality at the design stage has become possible only 
recently, stemming from the results of the AASHO Road Test (1). An improved mech­
anistic and more generally applicable method has now been developed and is described 
in this paper. The term performance, as it is used here, is the history of the riding 
quality as it varies over a period of time. Since economic comparison of alternatives 
is considered within a time frame, the performance of overlays required to restore 
structural integrity and renew riding quality is also described. 

Based on investigations by Phang <; :!) and Lister (!), the performance of a flexible 
pavement structure can be predicted from its early deflection response to standard 
load tests. Jung and Phang (~)established a relationship between performance and 
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traffic by applying principles of elastic layer analysis to the AASHO Road Test results. 
In this paper, the performance prediction model has been extended to accormt for the 
losses in riding quality induced by the geographic and climatic environment, similar to 
those conceived by Scrivner et al. (§., 1). Further, a method is proposed to account for 
the deterioration of pavement layers at the end of the performance life when the pave­
ment needs rehabilitation by an overlay. 

The subsystem for performance prediction uses principles of linear elasticity to 
calculate the subgrade surface deflection of a flexible pavement structure when it is 
acted on by a standard wheel load. The simple method of calculation as suggested by 
Odemark (8) produces results that correlate closely with subgrade surface deflection 
(5) calculated by more rigorous but complex analytical procedures using programs such 
as CHEVRON and BISTRO. This simple method of calculation makes it practical to 
investigate a large number of alternative strategies. 

The sequence of steps in the subsystem is shown in Figure 1. In step 1, an equivalent 
gravel thickness is calculated. In step 2, the calculated (Odemark) subgrade surface 
deflection for this structure is determined for the standard load and for the specific 
subgrade. Step 3 shows the traffic load in terms of repetitions N1 of the standard axle 
at any time Y1 in years. In step 4a, traffie--N1 is used to determine the riding comfort 
index (RCI) loss Pri due to traffic for the subgrade surface deflection calculated in step 
2. In step 4b, the year Y1 from step 3 is used to estimate the RCI loss Pu due to en­
vironment for the subgrade surface deflection calculated in step 2. In step 4c, the two 
RCI loss components PH and p 0 are summed and plotted against time Y1• The life Y 
of the pavement is obtained from this plot where the sum intersects the desired total 
loss in RCI. A similar step procedure is used to determine the life of the overlay. 

In the following sections of this paper, details of each step are given, including ex­
planations of quantification and calibration according to Ontario experience. 

FLEXIBLE PAVEMENT PERFORMANCE INDICATOR 

Pavement deflection has often been accepted by many design agencies as a fair indicator 
of the structural strength of a pavement. Empirical formulas have been developed <; 
~ 10) to predict this value that can normally be measured in the field by using a 
Benkelman beam. Generally, limiting values of this deflection have been used as 
criteria for a successful pavement. 

Recently, much effort has gone into applying elastic layer theory to predict deflec­
tions and stresses and strains and to design pavements based on these predicted re­
sponses. However, for attainment of a rational pavement design procedure, it is 
necessary to identify which of these responses will adequately indicate the future per­
formance of a pavement and to know the location in the pavement structure where this 
response will be critical. 

In Ontario, a comprehensive elastic layer analysis of existing pavement design ex­
perience (E_) has revealed that elastic deformation at the top of the subgrade is the best 
indicator of pavement performance. The underlying hypothesis is that repeated sub­
grade deflections result in permanent deformation of the subgrade surface, which 
eventually leads to permanent deformation of the pavement surface and a decrease in 
riding quality. 

Subgrade deflections may be calculated by using the procedure developed by Odemark 
(8), whereby an elastic layer system can be transformed into an equivalent granular 
thickness system by means of equivalency factors. The computed equivalent thickness 
H. is then used to calculate the deflection w at the top of the subgrade as shown in 
Figure 2. Layer equivalency factors for determining equivalent granular thickness 
as shown in Figure 2 have been obtained from experience gained at the Brampton Test 
Road. 

According to the Odemark method, certain properties of layer materials, named 
elastic moduli, are required for calculating subgrade deflections (8). A specific set 
of these properties was arrived at through a comprehensive analySi.s of experiences 
on various classes of roads in Ontario (~). These are shown in Figure 2. Layer 



Figure 1. Steps in design subsystem. 
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Figure 2. Transformation of elastic layer system into equivalent granular thickness 
system and calculation of subgrade deflection. 
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equivalency factors as determined at the Brampton Test Road helped to establish the 
ratios among the values of these layer moduli (Figure 2). Since a fixed value of layer 
modulus is assigned to each layer, these values will henceforth be called layer coef­
ficients to avoid confusion with the traditional definition of a modulus. A close scrutiny 
of the deflection equation using various other sets of layer coefficients has revealed 
that absolute values of layer coefficients are immaterial as long as their ratios remain 
constant (since ratios determine layer equivalency factors). 

The hypothesi,_s that subgrade deflection is a good indicator of pavement performance 
and that this deflection can be determined adequately by the set of layer coefficients as 
given in Figure 2 is substantiated in Figures 3 and 4. Figure 3 shows an excellent 
correlation between Odemark subgrade deflection calculated for AASHO Road Test 
sections (5) (using the set of layer coefficients in Figure 2) and the number of 18-kip 
(80-kN) equivalent applications successfully carried on these test sections to a terminal 
performance level of 2.5. Figure 4 shows a correlation that was observed at the 
Brampton Test Road between calculated Odemark subgrade deflections (using the same 
set of layer coefficients) and the measured Benkelman beam surface deflections. This 
response, from Canadian experience, is considered to be a good indicator of pavement 
performance (10). 

Figure 5 is based on the established set of layer coefficients and shows a graphical 
representation of the Odemark subgrade deflection due to a standard 9-kip (40-kN) 
wheel load for various subgrade layer coefficient values (Table 1). Inherent in the 
curves of the figure are the following layer equivalency factors of surface:base:subbase = 
2: 1:%. The deflection w is obtained from this figure after a value is selected for the 
subgrade layer coefficient (Table 1) and after the value of the total equivalent granular 
thickness ~ for a pavement structure is calculated by using the above layer equivalency 
factors. On the right side of Figure 5 is a scale from which corresponding peak 
Benkelman beam surface deflections can be predicted as determined from the correla­
tion established in Figure 4. 

The method in the following sections shows how the Odemark subgrade deflection w 
is \lSed to predict performance of a pavement structure. 

PERFORMANCE PREDICTION MODEL 

The performance prediction model in this paper includes the following: 

1. A traffic input model that establishes the amount of traffic during the analysis 
time period (Figure 1, step 3), 

2. A model for predicting the performance loss Pr due to traffic loads (Figure 1, 
step 4a), 

3. A model for predicting the performance loss PE due to geographic or environ­
mental influences (Figure 1, step 4b), and 

4. A method for combining Pr and PE (Figure 1, step 4c). 

Immediately after construction, the riding comfort index Po of a pavement is rela­
tively high and depends largely on the conditions during construction. From this value, 
the losses Pr and PE must be subtracted to obtain the riding comfort index pat any 
particular time. Thus, 

P = Po - Pr - PE (1) 

where 

Pr = traffic loss, a function of the number of equivalent standard axle load applica­
tions N; 

PE = environmental loss, a function of the number of years or seasons passed Y; and 



Figure 3. Calculated Odemark subgrade deflection versus load repetition at AASHO 
Road Test. 

K5 101000 

~ 
A~>} 
~ t:; FOA TEAMINAL PSI : 2 5 . ..-. 

NOTE•LAYEA COEFFICIENTS USED IN CALCULATINO W ARE 

X3 X~ I00,000 

Ml: 400,000 , Mz 1 50,000 

M, = 15,000 I Mg = 3,000 

* l ~Cli•U4mm 

EQUIVALENT STANDARD SINGLE AXLE LOAD APPUCATIONS 

N function of Y as established by the traffic input model. 

Traffic Input Model 

19 

The traffic input model (Figure 6) is basically a functional relationship between traffic 
load N and time Y. The relationship can be established from traffic data (11). 

The following method is being used in Ontario. Each project to be designed has a 
traffic estimate, usually an annual average daily traffic (AADT) in the design (first) 
year and a predicted AADT at the end of 20 years. First, the total equivalent standard 
[18-kip (80-kN}] single-axle load applications N, expected during the analysis period 
AP are determined by using an average of initial and final estimates of the number of 
18-kip (80-kN) axles per day in the design lane as described by equation 3 in the fol­
lowing equations: 

N _ Nr [ 2AADTi. y + AADTr -AADT1 y2] 
- AP {AADT 1 + AADT,) Ap(AADT 1 + AADT,) 

(2) 

N, 

where 

T 
AADT/2 

LDF 

A [(AADT ) .J .~ x DAYS x T1 x LDF1 x TF1 

+ (AA~, x DAYS x LDF, x TF,) J 

percentage of trucks, 
one -directional AADT, 

(3) 

lane distribution factor (1.0 for two-lane roads, 0.8 for most four-lane 
roads), 



Figure 4. Calculated Odemark subgrade deflection versus largest Benkelman beam 
deflection in spring, Brampton Test Road. 
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Table 1. Typical subgrade layer coefficients in Ontario. 

Condition 

Material Good Fair Poor 

Subgrade" 
Suitable as granular borrow 11,500 10,500 9,000 
Silt <40, very fine sand and 

silt <45 7,000 6,000 5,500 
Silt 40 to 50, very fine sand 

and silt 45 to 60 6,000 5,000 4,500 
Silt >50, very fine sand and 

silt >60 4,500 4,000 3,500 

Clay 
Lacustrine 5,500 5,000 4,000 
Varved and Leda 4,500 3,500 2,500 

BGranular type of sandy silt and clay loam till 

EQUIVALENT GRANULAR THICKNESS,- He, INCHES* * I INCH = 25.4mm 

Figure 6. Traffic input model. 
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TF = truck factor, the equivalent standard axles per truck [18 kip (80 kN)J, 
DAYS number of days per year for truck traffic (generally= 300), and 

i and f = initial and final respectively. 

Subsequently, at any number of years Y, the number of corresponding standard load 
applications N are determined by using Equation 2. 

Traffic -Related Deterioration 
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The calculated Odemark subgrade deflection w is used to derive a performance predic -
tion equation based on the main factorial test data of the AASHO Road Test (1). The 
equation [equation 11, (5)] has been rescaled from a 5-point present serviceability index 
(PSI) to a 10-point RCC. The modified performance prediction equation is given below 
and is shown in Figure 7. 

Pr = 2.4455 ljJ + 8.805 ljJ 3 (4) 

where 

ljJ 1,000 w6 Nin inches, 
Pr loss in RCI due to traffic, 
w calculated Odemark subgrade deflection in inches, and 
N number of standard [18-kip (80-kN)J single-axle load applications. 

It should be noted that AASHO Road Test data did not include sections giving Odemark 
subgrade deflections of less than 0.025 in. (0.635 mm)(i.e., very thick pavements); how­
ever, the model can be extrapolated for designs in this range. 

Environment-Related Deterioration 

Since the AASHO Road Test was carried out with accelerated loading and relatively 
underdesigned pavement thicknesses, results are not readily applicable to real-life 
pavements even if such pavements were influenced by similar geographical and en­
vironmental conditions. Because of the exposure to climatic cycles, the real-life 
pavements suffer deterioration over a period of time, even under low traffic volumes, 
because of differential heaving and settling from frost, freeze-thaw cycles, swelling 
subgrades, or other such influences. Since the AASHO Road Test sections survived 
only one or two winter seasons, the test results do not adequately indicate the effect 
of these influences. This became apparent in Ontario when the traffic-related per­
formance model derived from AASHO Road Test data was applied to the Brampton Test 
Road over a period of 8 years of its performance. The traffic performance model 
could not reproduce the Brampton results even when a proportionality factor was ap­
plied, and the characteristics of the difference suggested a different kind of functional 
relationship. 

A flexible pavement attains its highest level of serviceability of riding comfort 
immediately after construction. During its lifetime, the pavement is exposed to forces 
from axle weights, temperature changes that cause restrained expansion or contraction, 
and changes of subgrade conditions that cause swelling, shrinkage, freezing-thawing, 
and heaving-settling. These forces or influences act in various combinations and 
proportions on a pavement, causing loss in the RCI. 

The combination of axle weights with soft subgrade conditions in the spring and the 
upward migration of water in the subsoils due to freezing (resulting in heave or upward 
expansion and subsequent reconsolidation) are noteworthy distress mechanisms. The 
influence of spring softening observed in the AASHO Road Test was the reason why the 
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number of axle repetitions were weighted. The effect of water migration and freezing 
is a function of the increasing number of years through which a pavement survives. 
In addition, deterioration due to temperature changes (such as transverse cracking) is 
a function of the number of winter-spring seasons. Because of this time-dependent part 
of pavement deterioration, a loss model, in addition to a traffic loss model, should be 
developed as a function of number of years or winter-spring cycles. 

The function that best represents this additional loss term is conceived to have the 
specific characteristic of decreasing exponentially with each year or season passed. A 
similar function has been suggested by Kher, Hudson, and McCullough (12) in the de­
velopment of pavement performance equations for swelling clay subgrades in Texas, a 
condition that produces similar volume changes as those produced by low-temperature 
frost effects. The following equation 

I 7.5 ) {,1 ·~Y ) 
PE = \Po - 1 + Bw ~ - e 

where 

w Odemark subgrade deflection in inches, 
B 60, and 
a = 0.06. 

(5) 

shows that the rate of decrease in p due to environmental forces is at a maximum in the 
initial years and reduces with time as p reaches a hypothetical ultimate value of p_ at 
infinite time (Figure 8). In other words, the more a pavement deteriorates from its 
initial smoothness toward its ultimate roughness value of p_, the less the annual rate 
of deterioration will be. For regions where a different type of environmental deteriora­
tion is observed, the loss function may assume a different form such as, for example, 
a linear relationship that should be used where the same average amount of environ­
mental deterioration is observed in each year of pavement life. 

It is also conceived that the level of p_ is larger for stronger pavements, i.e., 
stronger (thicker) pavements will be less affected by environmental deterioration than 
weaker pavements. Since the strength of a pavement has been established in the pre­
vious section by the subgrade surface deflection criterion, the same response value 
can be used to establish the resistance of pavements to environmental forces. In other 
words, p_ can be made a function of the Odemark subgrade deflection. 

To establish the constants of the exponential deterioration function requires use of 
experimental data or other experience on real pavements in a particular region. In 
Ontario, the Brampton Test Road data were used for this purpose. The methodology 
adopted to establish this function is described below; however, it is obvious that each 
region must rely on local experience to obtain a relevant function with different con­
stants. 

For each section of the Brampton Test Road, the best fit curves and the curve pre­
dicted by the traffic performance model were drawn through the observed data. The 
two curves did not coincide because of the differences contributed by the environmental 
factors. When the differences were examined for all the sections of the Brampton 
Test Road, three inferences were drawn. 

1. Environmental deterioration is an exponential curve of RCI versus the number of 
years. 

2. Exponential deterioration rate of a = 0.06 applies to all sections of the Brampton 
Test Road. 

3. Asymptotic value of p_ varies for each section and correlates highly with the 
strength of the section represented by the Odemark subgrade deflection w. The correla­
tion is 
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p_ = (p0 / l + Bw) (6) 

where p0 is initial RCI of pavement, and B = 100. 
Figure 9 shows the basic performance data on some of the Brampton Test Road sec­

tions, ranging from very weak to very strong pavements. The curves, calculated by 
the equations of the final model that combine deterioration resulting from both traffic 
and environmental influences (using the above constants), are also shown. These curves 
demonstrate that the final model predicts the riding comfort measurements of the 
Brampton Test Road over the entire range of conventional pavements tested. Also 
shown are the curves resulting from only the traffic deterioration model. 

Data on the values of RCI taken immediately after construction indicated that average 
p0 for the pavements can be assumed to be equal to 7.5. With p0 at a constant value, 
the model was tested on a variety of past pavement design experiences in the province. 
The analysis showed that, for B equal to 60, pavement lives matched the province-wide 
experience. 

EXAMPLE OF MODEL APPLICATION 

The following example is presented to demonstrate how the effects of traffic and en­
vironmental loss in RCI are combined and used to predict the age at which terminal 
performance is attained. 

Assume that there is a pavement with 3Y:i-in. (8.9-mm) asphalt surfacing, 6-in. 
(152-mm) granular base, and 12-in. (305-mm) granular subbase constructed on a soft 
clay subgrade and that the estimated number of stanclard 18-kip (80-kN) axle load 
repetitions at 12 years is 300,000. The first step in the procedure is to calculate the 
total granular equivalent thickness H. of the pavement structure. This is (3Y:i x 2) + 
(6 x 1) + (12 x %) = 21 in. (533 mm) when the appropriate layer equivalency values are 
applied to each layer. 

For the second step, the subgrade layer coefficient selected from Table 1 as being 
consistent with the description of the material is M. = 2, 700. The Odemark subgrade 
surface deflection w for this pavement under the standard 9-kip (40-kN) wheel load P 
[contact radius, a = 6.4 in. (163 mm)] is calculated by 

(7) W 
- 9,000 
- 2M. Z x 

1 

where 

.. 3/Nh z = 0.9 'M: x H. (8) 

or the deflection w may be read directly from Figure 5. 
For this example M. = 2, 700; M2 = 50,000 (adopted for the subsystem), and H. = 21 in. 

(533 mm). Z is calculated as 50 in. (1270 mm), and w is calculated as 0.03306 in. 
(0.84 mm). 

For the third step, the number of standard axles N at any time Y must be known. 
For the example, N = 300,000 at Y = 12 years. The loss in riding comfort index, Pr 
due to traffic is determined from the following equation: 
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Pr 2.44551/J + 8.805 iJ;
3 (9) 

where 

l/J 1,000 W6 x N in inches, 
l/J 0.3917, and 

Pr 1.487. 

The RCI loss may also be read from Figure 7. 
For the fourth step, the loss in RCI due to environmental influences PE is calculated 

by the following formula: 

(10) 

where 

P~ (A/ 1 + Bw) (11) 

For equation 10, as is the case with most new construction, the initial RCI value p0 

is 7.5. The constants in these equations are p0 = 7.5 =A, B = 60, and a= 0.06. Use of 
the values of B and a for southern Ontario appears to predict lives that fit experience. 
In addition, P~ = 2.514, and PE = 2.559. This may also be read from Figure 8. 

For the fifth step, the RCI losses Pr and PE are subtracted from the initial riding 
comfort index p0 to determine the RCI at 12 years, or p12 = p 0 - Pr - PE = 7.5 - 1.487 -
2.559 = 3.454. This predicted RCI at 12 years forms one point on the performance 
curve for this pavement structure. Other points are similarly calculated for dif­
ferent times Y and their corresponding traffic loads N so that the performance curve 
may be defined. When this is done as is shown in Figure 10, the age of the pavement 
may be determined for any value of RCI that is considered to be the terminal value or 
the value at which rehabilitation becomes necessary (Table 2). For example, at a 
terminal RC! of 4.0, the corresponding predicted age taken from the performance curve 
is 10.8 years. 

OVERLAYS 

Repeated traffic loads and environmental influences result in gradual deterioration of 
pavement layers. Cracks develop in the asphalt layers and increase in number over 
the years; concurrently, the granular layers are weakened by various mechanisms such 
as aggregate degradation and contamination. 

Thus, although the life of a newly constructed pavement is predicted based on its 
initial value of calculated subgrade deflection w, this deflection value does not remain 
constant but increases as the strength of the pavement layers decreases. This increase 
in deflection was observed at the Brampton Test Road (13) and demonstrated by Lister 
(4) in his observations on deflection of more than 300 experimental sections. For the 
design of an overlay, the reduction in the strength of the existing layers can be ac­
counted for by reducing their layer equivalency factors. The reduction coefficients 
that are used at present in the subsystem are shown in Figure 11. 

The premise underlying the use of layer equivalency reduction coefficient K1 for 
asphalt layers is that repeated loading decreases stiffness (14); thus, the coefficient K1 
decreases as RCI decreases to values slightly below that of poor gravel. A straight 
line relationship was considered most suitable. Figure 11 similarly shows layer 
equivalency reduction coefficients K2 and K3 for granular base and subbase materials. 
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The coefficients are larger for stronger pavements because such pavements are de­
signed to withstand heavier traffic loads or more seasonal cycles. The layer equiv­
alency reduction coefficients, although based on limited data, not only serve as indicators 
of how the modeling of the overlay problem is approached, but also result in overlay 
lives that are acceptable to practicing design engineers in Ontario. 

An overlay rehabilitates the pavement in two respects. First, it raises the riding 
quality to a more comfortable level (Figure 12) and, secondly, it reestablishes the 
strength of the pavement. As a general guideline, overlay thickness should compensate 
for some of the loss in strength of the old pavement so that the total granular equivalent 
thickness after the overlay is comparable with the thickness of the initial construction. 
The equivalent thickness after overlay is determined as follows: 

(12) 

where 

h 0 overlay thickness; 
a1, a2, a3 layer equivalency factors for asphalt surfacing, base, and subbase re­

spectively; 
h1, h2, h3 layer thicknesses of asphalt surfacing, base, and subbase of initial pave­

ment respectively; and 
k1, k2, kJ layer equivalency reduction factors (Figure 11) for asphalt surfacing, 

base, and subbase respectively. 

For prediction of the life span of an overlaid pavement, the new equivalent thickness 
value replaces the initial equivalent thickness value, and the performance prediction 
procedure is repeated. 

CONCLUSIONS 

A model has been described that predicts the performance life of a pavement structure. 
Alternatively, if several pavement structures are proposed for a facility, the most 
suitable may be selected based on performance life and cost implications. 

The model has been formulated so that local experience gained from successful 
highway pa:vements can be used. Basically, the performance of a pavement has been 
considered to be affected by two major distress mechanisms: traffic loads and environ­
mental conditions. Traffic-related distress has been derived from the AASHO Road 
Test, which is primarily a traffic-oriented test. Environment-related distress has 
been derived from the Brampton Test Road, which gives the long-term effects of traffic 
and the environment. The two tests have been analyzed in relation to past pavement 
design experience, which has been given prime consideration in the curve-fitting process. 

The model has undergone considerable testing with its application for designing 
pavement structures throughout Ontario. The lives predicted by the model are found 
to be in close agreement with the general pavement performance experience of the 
design engineers. 

As an empirical formulation, the model contains significant lack-of-fit error due to 
the nature of pavement performance data, which inherently vary even among identical 
pavement sections. The lack of fit generally implies that more variables affect pave­
ment performance than those considered in the study; however, the model does predict 
average life expectancy, and the lack of fit is even smaller than that found on the AASHO 
Road Test. In the range of extremely low deflections (i.e., extremely thick pavement 
structures), AASHO Road Test data did not exist. However, the use of the extrapolated 
curve outside of the AASHO range is currently considered appropriate. 

The procedure in this paper can be used to develop performance models for other 
regions. Since pavement deterioration that is generated by traffic alone is less 
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significant than that caused by environment, the traffic deterioration model in this 
paper can be adapted to other regions. Research effort can then be concentrated on 
updating the environmental model based on local experience. 

The model is by no means final, and updating of the submodels, such as the environ­
mental deterioration model, is continuing as more data become available. 

REFERENCES 

1. The AASHO Road Test: Report 5-Pavement Research. HRB Special Rept. 61E, 
1962' 3 52 pp. 

2. W. A. Phang. Four Years' Experience at the Brampton Test Road. Highway Re­
search Record 311, 1970, pp. 68-90. 

3. W. A. Phang and R. Slocum. Pavement Decision Making and Management System. 
Ontario Ministry of Transportation and Communications, Research Rept. 174, 1971. 

4. N. W. Lister. Deflection Criteria for Flexible Pavements and the Design of Over­
lays. Proc., 3rd International Conference on the Structural Design of Flexible 
Pavements, London, 1972. 

5. F. W. Jung and W. A. Phang. Elastic Layer Analysis, Related to Performance in 
Flexible Pavement Design. Ontario Ministry of Transportation and Communica­
tions, Research Rept. 191, 1974. 

6. F. H. Scrivner et al. A Systems Approach to the Flexible Pavement Design 
Problem. Texas Transportation Institute, Texas A&M Univ., Research Rept. 32-11, 
1968-1969. 

7. F. H. Scrivner et al. Flexible Pavement Performance,Related to Deflections, Axle 
Applications, Temperature and Foundation Movements. Texas Transportation 
Institute, Texas A&M Univ., Research Rept. 32-13, 1968-1969. 

8. N. Odemark. Investigations as to the Elastic Properties of Soils and Design of 
Pavements According to the Theory of Elasticity. Statens Vaeginstitut, Stockholm, 
Sweden, 1949. 

9. N. I. Kamel, J. Morris, R. C. G. Haas, and W. A. Phang. Layer Analysis of the 
Brampton Test Road and Application to Pavement Design. Highway Research 
Record 466, 1973, pp. 113-126. 

10. Pavement Design and Evaluation Committee. A Guide to Structural Design of 
Flexible Pavements in Canada, Canadian Good Roads Association, Sept. 1965. 

11. C. J. Van Til, B. F. McCullough, B. A. Vallerga, and R. G. Hicks. Evaluation of 
AASHO Interim Guides for Design of Pavement Structures. NCHRP Rept. 128, 
1972. 

12. R. K. Kher, W. R. Hudson, and B. F. McCullough. A Working Systems Model for 
Rigid Pavement Design. Highway Research Record 407, 1972, pp. 130-146. 

13. W. A. Phang. The Effect of Seasonal Strength Variation on the Performance of 
Selected Base Materials. Ontario Ministry of Transportation and Communications, 
Internal Rept. 39, April 1971. 

14. B. F. Kallas and V. P. Puzinauskas. Flexure Fatigue Tests on Asphalt Paving 
Mixtures. In Fatigue of Compacted Bituminous Aggregate Mixtures, American 
Society for Testing and Materials, ASTM STP 508, 1972, pp. 47-65. 




